The aim of this study was to evaluate the effect of peracetic acid (PAA) as a single irrigant on the smear layer, on the intraradicular dentinal bond strength, and on the penetrability of an epoxy-based resin sealer into the dentinal tubules. A total of 120 roots were distributed into 4 groups according to the irrigant used in root canal preparation: 1% PAA (PAA); 2.5% NaOCl followed by final irrigation with 17% EDTA and 2.5% NaOCl (NaOCl-EDTA-NaOCl); 2.5% NaOCl (NaOCl); and saline solution (SS). The smear layer was evaluated using scanning electron microscopy. The bond strength of an epoxy-based resin sealer (AH Plus) to root dentin was evaluated by the push-out test and penetrability of the sealer into dentinal tubules was observed by confocal laser microscopy. The results were analyzed by the Kruskal-Wallis and the Dunn post-test (α = 0.05). The use of 1% PAA as single root canal irrigant provided smear layer removal and improved the penetrability and bond strength of AH Plus to root dentin in a manner similar to that of the NaOCl-EDTA-NaOCl group (p > 0.05). The NaOCl and SS groups had higher values of smear layer and lower values of sealer penetrability and dentin bond strength than the PAA and NaOCl-EDTA-NaOCl groups (p < 0.05). Thus, 1% PAA has the potential to be used as a single irrigant in root canals.
Introduction
Sodium hypochlorite (NaOCl) is the irrigant solution universally indicated for chemomechanical root canal preparation due to its antimicrobial and organic material solvent actions. 1, 2 However, NaOCl adversely affects the mechanical properties of dentin, such as microhardness, elastic modulus, and flexural and fatigue strength. 3 It may also reduce the adhesion of the root canal sealers 4 and weaken the bond of some adhesive materials to the dentin. 3 Moreover, NaOCl does not favor smear layer removal, which makes it necessary to use a decalcifying agent along with NaOCl. Ethylenediaminetetraacetic acid (EDTA) is the chelating agent most commonly used to remove the smear layer generated during root canal preparation. 5 However, the use of EDTA associated with NaOCl leads to the erosion of dentin and reduction in microhardness. 6 Declaration of Interests: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript.
Alternative irrigants, among them peracetic acid (PAA), have been researched 7 with the purpose of improving the cleaning and disinfection of the root canal system. 8, 9, 10 PAA is widely used for disinfecting medical equipment 11 among other items. It is fast and effective against bacteria, fungi, spores, and viruses, even in the presence of organic matter. 12 PAA has been used as single endodontic irrigant throughout eastern Europe. 13 A recent study showed that when used as a single endodontic irrigant, 1% PAA shows an antibacterial efficacy similar to that of 2.5% NaOCl and 2% chlorhexidine against Enterococcus faecalis. 9 Another study showed that 4% PAA kills and dissolves significantly mixed biofilms in a manner similar to that of 2.5% and 5.25% NaOCl. 14 In addition to its antibacterial effectiveness, PAA has the capacity to remove the smear layer when used as a final rinse after the use of NaOCl. 10 Its antibacterial effectiveness associated with its capacity for removing the smear layer has made PAA a possible alternative to be used as single irrigant, which would simplify and speed up root canal preparation. Nevertheless, while PAA presents the potential for use as a root canal irrigant, 8, 9 there is no evidence of its effect on the cleaning of the root canal and of the quality of the endodontic filling following its use.
The objective of this study was to evaluate the effect of peracetic acid (PAA) as a single irrigant on the smear layer, on the intraradicular dentinal bond strength, and on the penetrability of an epoxy-based resin sealer into the dentinal tubules. The null hypothesis was that there was no difference observed in the above mentioned three parameters in comparison with NaOCl-EDTA-NaOCl.
Methodology
This in vitro study was approved by the Research Ethics Committee of the Araraquara School of Dentistry, UNESP, São Paulo, Brazil (approval number: 20832213.1.0000.5416).
A total of 120 freshly extracted human singlerooted canines were selected and stored in 0.1% thymol at 4 °C. The teeth were then immersed in distilled water for 24 hours to completely remove thymol residues and were examined under 20× stereomicroscope magnification (Leica Microsystems, Wetzlar, Germany) to discard teeth with fractures and/or cracks. Mesiodistal and buccolingual digital radiographs (Kodak RVG 6100 Digital Radiography System, Marne-la-Vallée, France) were taken to certify that all teeth had only one canal and similar internal anatomy. To prevent dehydration, the teeth were stored in water until use.
The selected teeth were decoronated 16 mm from the anatomic apex, and the foraminal opening was sealed with resin composite to prevent irrigant extrusion from the apical foramen (closed canal system). 15 The specimens were randomly distributed into 4 groups (n = 30) according to the irrigant used for root canal preparation: 1% PAA (PAA); 2.5% NaOCl (Rioquímica, São José do Rio Preto, SP, Brazil) during instrumentation, followed by final irrigation with 17% EDTA (Biodinâmica, Ibiporã, Brazil) and 2.5% NaOCl (NaOCl-EDTA-NaOCl); 2.5% NaOCl (NaOCl); and 0.9% saline solution (JP Indústria Farmacêutica S.A, Riberão Preto, Brazil) as control (SS). In the PAA group, 1% PAA was freshly prepared by diluting 4% PAA (Peresal, Profilática, Curitiba, Brazil) with distilled water. 16 According to the manufacturer, Peresal is composed of 4% PAA and 26% hydrogen peroxide.
The root canals were instrumented using ProTaper nickel-titanium rotary instruments (Dentsply Maillefer, Ballaigues, Switzerland) up to size F5 (SX, S1, S2, F1, F2, F3, F4, F5). The working length (WL) was established by inserting a size 10 K-file (Dentsply Maillefer, Ballaingues, Switzerland) into each root canal until it was just visible at the apical foramen and then subtracting 1 mm from this point. The irrigant solutions were placed in 5 mL disposable plastic syringes (Ultradent Products Inc., South Jordan, USA), coupled to a Navitip 30 G open-ended irrigation needle (Ultradent) and placed 1 mm short of the WL. At each change of rotary files, the root canals were irrigated with 2 mL of irrigant solution for 1 minute in all groups. In NaOCl-EDTA-NaOCl group, after instrumentation, the root canals were irrigated with 3 mL of 17% EDTA for 3 minutes, followed by irrigation with 2 mL of 2.5% NaOCl for 1 minute. In the other groups, 5 mL of distilled water for 4 minutes was used to standardize the time and total volume of the irrigants (10 minutes and 20 mL, respectively). The root canals were dried using F5 absorbent paper points (ProTaper, Dentsply Maillefer, Ballaigues, Switzerland).
Scanning electron microscopy
Scanning electron microscopy (SEM) was used to evaluate the smear layer using EVO 50 microscope (Carl Zeiss, Oberkochen, Germany) at 20 kV. After root canal preparation, the roots (n = 60) were distributed into 4 groups (n = 15) and split along their long axis, prepared and evaluated in accordance with the methodology of Faria et al. 17 Initially, the root canal walls were visualized at 500× magnification in different fields in the apical, middle, and cervical thirds. Three representative SEM photomicrographs were taken at 2000× magnification in the apical, middle, and cervical thirds of each specimen for analysis of the smear layer. The images were selected in a random-walk manner through the defined sections with instructions to avoid un-instrumented canal surfaces. 15 The smear layer was scored using the system proposed previously: a) no smear layer with dentinal tubules open; b) small amount of smear layer with some dentinal tubules open; c) a homogenous smear layer covering the root canal wall with only a few dentinal tubules open; d) complete root canal wall covered by a homogenous smear layer with no open dentinal tubules; and e) heavy non-homogenous smear layer covering the complete root canal wall. 18 Two calibrated examiners analyzed the smear layer independently and blindly (Kappa > 0.9). The scores were compared, and when there was a difference, the evaluators jointly examined the sample and discussed its scoring until they reached an agreement on the final score.
Push-out bond strength test
After root canal preparation was performed as described above, the remaining roots (n = 60) were distributed into 4 groups (n = 15) and were filled with the single-cone technique using a F5 gutta-percha point (ProTaper, Dentsply Maillefer, Ballaigues, Switzerland) and AH Plus sealer (Dentsply DeTrey, Konstanz, Germany), with the addition of 0.1% (by mass) of rhodamine B (Synth, São Bernardo do Campos, Brazil). The sealer was first installed inside the root canal with a lentulo spiral after which the gutta-percha point coated with sealer was inserted into the root canal till the working length. The roots were radiographed from buccolingual and mesiodistal directions to check the length of the filling material and the presence of voids. Excess material was removed with a heated vertical condenser. The roots were stored at 37°C and 100% relative humidity for 7 days to allow the sealers to set.
The push-out test has been used in a previous study. 19 In our study, the roots were embedded in polyester resin (Maxi Rubber, Diadema, Brazil) and remained intact for 24 hours. The specimens were sectioned perpendicular to their longitudinal axis using a slow-speed diamond saw (Isomet, Buehler Ltd, Lake Bluff, IL, USA) under continuous water spray to prevent frictional heat. The cervical, middle, and apical sections were cut with a thickness of 2.0 mm and were obtained 1, 5 and 10 mm from the apex, respectively.
The filling material was loaded in the apical to coronal direction using stainless steel plungers that measured 0.5 mm (apical slices), 0.9 (middle slices) or 1.30 mm (coronal slices) in diameter. This provided the most extensive coverage of the filling material without touching the canal wall. A compressive load was applied by using a universal test machine (EMIC, São José dos Pinhais, PR, Brazil) at a crosshead speed of 0.5 mm/min until debonding occurred. The values at the time of displacement were recorded as a force (N) and were transformed into tension (MPa) using a previously-reported formula: area = 2 pr x h; where p = 3.14, r = measured radius of the filling material, and h = height (in millimeters) of the filling material that was pushed out. 20 After the push-out test, the specimens were evaluated under a stereom icroscope (Leica Microsystems, Wetzlar, Germany) at 40× magnification to determine the failure mode. The failures were classified according to Huffman et al. 21 adhesive: along the sealer-dentine interface; cohesive: within the sealer; or mixed: partial adhesive failure along the dentin walls and partial cohesive failure within the sealer.
Confocal laser scanning microscopy
Confocal laser scanning microscopy was used to evaluate the penetrability of endodontic sealer into the dentinal tubules. The sections used for the push-out test were polished in a Politriz (Arotec, Cotia, São Paulo, Brazil) polishing machine, by using abrasive paper under running water. The slices were analyzed by using an inverted Leica TCS-SPE confocal laser-scanning microscope (Leica Microsystems GmbH, Mannheim, Germany) at 10× magnification. The samples were scanned, and the images were recorded with a size of 1024 x 1024 pixels. The penetrability of sealer into dentinal tubules was measured twice by one calibrated examiner using the Image J software (National Institutes of Health, NIH, Bethesda, Maryland, USA). The circumference of the root canal and the sections along the canal wall in which the sealer penetrated into the dentinal tubules were measured in micrometers to determine the percentage of sealer penetration into the root canal. 22 
Statistical analysis
Statistical analysis was performed using the nonparametric Kruskal-Wallis test and the Dunn posttest because the non-normal distribution of data was confirmed in a preliminary analysis. The statistical program GraphPad Prism (GraphPad Software Inc., San Diego, USA) was used, and all tests were performed with α = 0.05. Table 1 shows the results of the smear layer analysis in all the thirds of root canal dentin using different endodontic irrigants. In all the root thirds, there was no statistical difference between the PAA and NaOCl-EDTA-NaOCl groups (p > 0.05) and both these groups presented lower smear layer values than those of the NaOCl and saline groups (p < 0.05). There was no difference between the NaOCl and saline groups (p > 0.05). Figure 1 shows the features of the dentin in the different root thirds under treatment by different irrigants.
Results
The bond strength results of the root canal dentin to the sealer containing epoxy resin (AH Plus) are shown in Table 2 . In all the root thirds, there was no difference between the PAA and NaOCl-EDTA-NaOCl groups (p > 0.05) and in both these groups, the root canal sealer showed higher values for bond strength to root dentin than those of the NaOCl and saline groups (p < 0.05). There was no statistically significant difference between the NaOCl and saline groups (p > 0.05). Failure mode analysis showed that mixed failure was predominant in the PAA and NaOCl-EDTA-NaOCl groups and that adhesive failure predominated in the saline and NaOCl groups, irrespective of the root third being analyzed. Table 3 shows the results of the penetration of root canal sealer containing epoxy resin (AH Plus) into root canal dentin, in all root thirds using different endodontic irrigants. There was no difference in sealer penetration into dentin between the PAA and NaOCl-EDTA-NaOCl groups (p > 0.05). In all the root thirds for both these groups (p > 0.05), the root canal sealer showed higher values of penetration into root dentin than those of the NaOCl and saline groups (p < 0.05). There was no difference between the NaOCl and saline groups (p > 0.05). Figure 2 illustrates the root canal sealer penetration into dentin.
Discussion
In the present study, we evaluated the effect of PAA as a single irrigant on the smear layer, on the intraradicular dentinal bond strength, and on the penetrability of an epoxy-based resin sealer into the dentinal tubules as compared to the combined use of NaOCl-EDTA-NaOCl. The null hypothesis was rejected regarding the smear layer but was accepted for intraradicular dentin bond strength and penetrability.
The smear layer formed during root canal preparation is composed of both inorganic and organic substances that may also contain bacteria and their by-products. The smear layer may prevent intracanal medications from penetrating into the root canal system and influence the adaptation, 5 bond, 6 and penetrability of root canal sealers into root dentin. 23 The protocol most commonly used for removing the smear layer is the alternate use of NaOCl and EDTA. 5, 15 Till date, there are no studies in the literature that evaluate the degree of cleaning of root dentin provided by the use of 1% PAA as a single root canal irrigant. The present study showed that the use of 1% PAA as a single irrigant solution provided smear layer removal in all root thirds in a manner similar to that of the NaOCl-EDTA-NaOCl group. These results are in line with those of studies that have shown the capacity of PAA for smear layer removal when used as a final irrigant solution after instrumentation. 10, 16, 24 The first study 10 showed that 2.25% PAA used for 3 minutes after root canal instrumentation led to smear layer removal in a similar manner to that of 17% EDTA. The other studies 16, 24 showed that PAA at concentrations of 0.5%, 1% and 2.25% used for 60 seconds in contact with dentin led to the dissolution of the smear layer as effectively as 17% EDTA. PAA is commercially available in the form of an aqueous solution, in which it is in equilibrium with hydrogen peroxide and acetic acid. The acetic acid component is probably responsible for the dissolution of the smear layer, as it forms complexes with calcium that are easily soluble in water. 10, 16 On the other hand, both PAA and NaOCl-EDTA-NaOCl were not able to completely remove the smear layer in the closed canal system used in the present study, which more accurately simulated the actual in vivo application of the irrigants. 15 The volume of the final irrigation solutions is another important factor that can influence the smear layer removal. 24 In the present study, different irrigation protocols were used and the total volume of the irrigants was standardized as 20 mL during and after instrumentation.
One limitation of this study was that the SEM evaluation of smear layer can only compare the amount of open dentinal tubules in a single moment; consequently, the examiners were neither able to determine the extent of already present sclerotic dentin nor if the analyzed areas had already been touched by endodontic instruments with consequent formation of smear layer. 10, 25 Due to this, the model with which the teeth were instrumented, cleaved, and evaluated by SEM was a proposed structure. After the teeth halves were placed back together, the specimens were irrigated with the final root canal irrigant and the post-treatment SEM images were obtained to evaluate the effects of the final irrigation. 25 In the present study, this model was not used because the PAA was used during instrumentation and not as a final irrigant. Additionally, we used a random distribution of specimens with the aim to ensure that all groups showed the same distribution of sclerotic dentin and other features. This helped us avoid bias when comparing the cleaning capacity of root canal irrigants.
In the present study, PAA was used in the concentration of 1%, which has an antibacterial efficacy similar to that of 2.5% NaOCl and 2% chlorhexidine against E. faecalis, 9 and an capacity for smear layer removal when used as final irrigant. 16, 24 Concentrations higher than 1% were not used because 2.25% PAA causes dentin erosion 10 and greater removal of some mineral components of the dentin when compared to 17% EDTA. 26 In addition, 2.25% PAA used as the final rinse results in lower bond strength of AH Plus to dentin when compared to EDTA. 27 In addition to antimicrobial activity and smear layer removal, among other requisites, irrigants must favor or at least not harm the bond of root canal sealers to root dentin. 28 The high bond strength of root canal sealers to dentin helps maintain the integrity of the sealer-dentin interface and prevents debonding of the filling material during the operative procedures. 21 The push-out test has been widely used to evaluate the bond strength of filling materials to root dentin. 4, 29 This test has been performed in teeth filled with a combination of gutta-percha and sealer 6, 19, 20, 30, 31, 32 or sealer alone. 4, 28, 29, 33 .This combination may be a limitation of the present study because this soft-core material undergoes plastic deformation under load. 32 However, in clinical practice, the root canals are not obturated without gutta-percha because AH Plus sets to a hard consistency which would make retreatment difficult. 31 Thus, to simulate clinical conditions, the root canals were filled with gutta-percha cone and AH Plus in this study. In addition, specimens with oval-shaped root canals were not used; we selected roots with round cross-sections to have a similar amount of sealer wrapped around the gutta-percha cone, in accordance with previous studies. 27, 31 Endodontic irrigants may affect the bond of sealers to root dentin 4 because they may lead to different demineralization patterns 16 and may change the composition of the dentin surface. 26 Studies have shown that AH Plus has a high bond strength to dentin when irrigation protocols using EDTA are used. 4, 6, 28, 34 In the present study, there was no difference between the 1% PAA and NaOCl-EDTA-NaOCl groups, and in both groups, the AH Plus sealer showed higher values for bond strength to root dentin than those of the NaOCl and saline groups. These results are in agreement with previous studies that showed that the use of irrigants with the capacity to remove the smear layer increased the bond strength of resinbased sealers to root dentin. 4, 6, 34 They are also in agreement with the results of a recent study that showed there was no difference in the push-out bond strength of AH Plus when 17% EDTA, 2.25% PAA or 10% citric acid were used as the final irrigant solution. 29 The lower bond strength of AH Plus to dentin was observed in the NaOCl and saline groups, as has also been observed in other studies. 6, 28, 34 This probably occurred because there was no smear layer removal and consequently, there was no exposure of the collagen network. 34 According to the literature, the high bond strength of AH Plus to dentin is related to its chemical bond with the collagen in dentin. 4, 30 On the other hand, a recent study showed that final irrigation with 17% EDTA or with 1% PAA did not improve the bond strength of AH Plus to root dentin in comparison to distilled water. 33 This difference may be attributed to the variation in study design; the previous study demonstrated the use 17% EDTA and 1% PAA as a final irrigant, filled the root canal with sealer only, and used a plunger with a single diameter to perform the push-out test. 33 In contrast, the present researchers used 1% PAA as a single irrigant during root canal preparation, filled the root canal with AH Plus and gutta-percha, and used plungers with a specific dimension for different root thirds. The use of plungers of a specific dimension in different root thirds ensured that the dislocation force was not influenced by the punch diameter. 32 In this study, the PAA solution used was obtained from the dilution of Peresal which is composed of 4% PAA and 26% hydrogen peroxide, that is, with a high concentration of hydrogen peroxide. The same solution was used for irrigation of the prepared post space, after which high residual concentrations of oxygen were observed. 35 Oxygen is known to inhibit the complete polymerization of resinous materials 36 that are used in the cementation of the intracanal post. For this reason, push-out tests should be performed to evaluate the effect of PAA used during root canal preparation on the adhesion of intracanal post cemented with resin cement, and if necessary, perform another treatment in the post space before cementation of the post.
The success of endodontic treatment depends on the disinfection of the root canal system and the prevention of reinfection. 1 Therefore, penetration of the sealer into dentinal tubules is important due to its antibacterial activity as it blocks microorganisms within the dentinal tubules. 22 However, it should be emphasized that sealer penetration into the dentinal tubules has no influence in the marginal infiltration. 37 Confocal laser scanning microscope (CLSM) has been employed for evaluating the sealer penetration. [38] [39] [40] CLSM has several advantages, such as being able to use non-decalcified or hard tissue samples that do not require a specific sectioning technique (sputter coating), providing detailed information about the presence and distribution of sealers at relatively low magnification through the use of fluorescent rhodamine-marked sealers, and allowing the exclusion of artifacts from the sample. 38 In the present study, sealer penetration into root dentin was influenced by the irrigant used. In the groups irrigated with PAA or NaOCl-EDTA-NaOCl, there was greater penetration of the sealer into dentin when compared with the NaOCl and saline groups. These findings are coherent with the results of the smear layer removal; the groups that presented higher smear layer removal values also presented higher root canal sealer penetration values.
Considering the factors that were evaluated, we found that 1% PAA has the potential to be used as a single irrigant solution in root canals. However, further studies are required to evaluate the potential for organic tissue dissolution and other effects on root dentin by the use of 1% PAA solution.
Conclusion
In summary, the use of 1% PAA as a single root canal irrigant provided smear layer removal, intraradicular dentine bond strength, and penetrability of an epoxybased resin sealer into dentinal tubules similar to that of a combined irrigation method consisting of using 2.5% NaOCl during instrumentation, followed by final irrigation with 17% EDTA and 2.5% NaOCl.
